Abstract: Among factors that might help to explain coexistence of tree species is environmental heterogeneity created by physical and biological processes of the forest environment. The differences in resource availability across rainforest landscapes were investigated by measuring the abiotic resources of light, soil nutrients and soil water availability in relation to forest structure.
INTRODUCTION
Many factors have been put forward to explain coexistence of tree species in tropical rain forests. Examples are distinction in life form (Whitmore, 1984) , phenological differences (Grubb, 1977) , differences in response to kind and scale of disturbance (Connell, the forest understory (Gunatilleke et al., 1996) . The long-term persistence of seedlings under closed forest canopies provides a partial explanation for high levels of tree species in mixed dipterocarp forests of Asia (Delissio et al., 2002) . Heterogeneity of resource availability within mixed dipterocarp forests also promotes differences in horizontal and vertical tree species distribution, which partially explains the coexistence of tree species (Davies et al., 1998) .
A number of studies in mixed dipterocarp forests have examined individual plant responses to spatial patchiness in resources; light (Turner, 1990; Brown & Whitmore, 1992; Brown, 1993; Ashton, 1995; Ashton et al., 1995; Lee et al., 1996) ; soil nutrients (Burslem et al., 1995; Burslem, 1996; Burslem et al., 1996; Gunatilleke et al., 1996 Gunatilleke et al., , 1997 Gamage et al., 2003; Singhakumara et al., 2004) ; and soil moisture (Ashton, 1992; Ashton et al., 2005) . These studies have been conducted on potted seedlings in nutrient enriched soils and kept under different shade conditions. In other field studies on natural regeneration of tree species growing within the resource patchiness of stand scale forest environments have also been determined (Brown & Whitmore 1992; Ashton et al., 1995) .
Only a few studies have purposefully examined differences in resource availability across mixed dipterocarp forest landscapes by measuring the abiotic variables of light, soil nutrition and soil water availability in relation to forest structure. In this study the differences in environmental heterogeneity of canopy gaps across an elevational gradient -from lowland mixed dipterocarp forest (100 m amsl) to submontane mixed dipterocarp forest (1200 m amsl) -was measured directly. Based on the data, the environmental heterogeneity and the variation of forest structure across the topographic gradient were examined, and the following questions were addressed. Do canopy openings change in size and structure in relation to elevation? Do canopy openings change in relation to topographic position (valley, midslope and ridge at a given elevation range)? How do shade, soil moisture and nutrients change in relation to canopy openings across elevational and topographic gradients?
Site description and species selection
This study was conducted in the wet evergreen mixed dipterocarp rainforests of southwest Sri Lanka . The flora of southwest Sri Lanka is localized based on coastal plains, hill ranges that comprise deep valleys and ridges, and mountains with an elevation gradient that occurs within a 30 -50 km distance .
Mixed dipterocarp rain forests are the dominant forest type of Southeast and South Asia (Whitmore, 1984) and comprise an important part of the international hardwood timber trade (Appanah & Weinland, 1993) . Several distinctive rain forest communities have been described for an elevation gradient that ascends from moist coastal lowlands to the lower montane hill range of southwest Sri Lanka . Tree species belonging to the families Dipterocarpaceae, Bombacaceae, Sapotaceae and Myrtaceae occur across this gradient (Gunatilleke & Gunatilleke, 1985; . Rainforests of the coastal plain, valleys and lower slopes of up to 300 m elevation comprise the Dipterocarpus community . The Mesua-Shorea community occupy steep upper slopes and mid elevations from 300-900 m and also descends to low elevations on shallow soils over siliceous rocks . At this elevation range (300-900 m) eight of the nine Doona species (Dipterocarpaceae) can occur (Gunatilleke & Gunatilleke, 1981 , 1985 either singly or in combination with other tree species of families that dominate the lower montane rainforests at 900 -1600 m .
The selected study sites ranged across the elevational gradient of southwestern Sri Lanka, and represented the Dipterocarp community, the Mesua-Shorea community, and the Shorea gardneri association. The climate at all three sites is aseasonal and receives precipitation from the southwest (April -July) and northeast monsoons (October -December), with intermonsoonal convectional rains. The mean annual rainfall fluctuates between 3000-3500 mm at Waga, between 3750 and 6000 mm in the western region of Sinharaja and the eastern end of Sinharaja. The high elevations receive about 3000 mm (Gunatilleke et al., 1997) . The mean annual temperature at these sites is 26 0 C, 25 0 C and 18 0 C respectively (Ashton, 1992; Gunatilleke et al., 1997) .
The soil at the low elevation (Waga Forest Reserve) belongs to the Homagama series, derived from quartz schist rocks of the Highland Geological Province. These soils are moderately shallow to moderately deep, well drained and highly vulnerable to soil erosion due to steep slopes and high amounts of quartz sand (Moorman & Panabokke, 1961; Cooray 1967; Mapa et al., 1999) .
The western region of the Sinharaja forest topography is undulating valley to ridge with differences generally less than 200 m. The soils belong to the Weddagala Series and are derived from the gneissic rocks again of the Highland Geological Province. These soils are deep and well drained in the valleys, skeletal on ridges typified by the presence of an organic dark coloured A horizon at the surface. Ironstone gravel can be observed in the surface soil horizons making them gravely in nature (Moorman & Panabokke, 1961; Cooray 1967; Mapa et al., 1999) .
The soil of the eastern Sinharaja region belongs to the Malaboda Series derived from feldspar-rich rocks of the Highland Province that break down into fine textured clay-like material. These soils can be deep, well drained, and high in organic matter (Moorman & Panabokke, 1961; Cooray 1967; Mapa et al., 1999) .
METHODS
Site selection: Eighteen gap sites resulting from naturaldisturbances within the forest canopy with the adjacent undisturbed understory were randomly selected from a stratified pool of such gap/understory sites that represented low elevation (Waga Forest Reserve, n=2) mid-elevation [western Sinharaja with valley (n=5), midslope (n=5) and ridge (n=4) topographic positions] and high elevation (eastern Sinharaja, n=2). Pre-existing canopy openings that had been created by recent treefalls (< 8years) were used for this experiment.
Mapping of forest structure within sites: For each site a 20 x 20 m plot (aligned east-west, north-south) was demarcated across the opening of the gap and an adjacent 20 m x 20 m plot was demarcated within the closed canopied rain forest. Trees with >5 cm dbh were stem mapped using X-Y coordinates, and measures of canopy projection in N, S, E, W directions and heights to the top of the crown were measured. Canopy projection and heights were measured using a SUUNTO clinometer (SUUNTO Instruments, Finland) and 50 m distance tape. Species were identified and stem diameters were measured from which species basal areas were calculated. The size of the canopy opening and canopy-covered area were calculated and a Canopy Area Index (CAI) was calculated using the following equation: . Five sensors were used for each plot -one in the plot centre and four at the corners of a 2 x 2 m grid around the plot centre. Sensors were placed 1 m above the ground. Data logger was programmed to take measurements every 30 s (µmol m -2 sec -1 ) and to store 5 min means. Means were recorded and summed over the day to yield the total daily PPF (mol d -1 m -2 ). Several sunny and overcast days were measured for each plot during the dry (December-March) and wet season (May-July). The minimum and maximum PPF reading for each 5 min interval were also recorded.
Soil resource measurements:
Soil moisture measurements were recorded only at mid-elevation sites (western Sinharaja) across the valley, midslope and ridge topographic positions (n=14). Soil moisture was monitored at bi-weekly intervals at 10 cm depth using a soil moisture meter (Delta -T HH2) over a five-year period from June 1998 -June 2003.
Soil samples were taken from all gap and understory plots at all elevations using an ordinary post-hole auger. Five sub samples at 15 cm depths were taken from the four corners and the center of each 20 x 20 m plot. Sub samples were pooled together as a composite soil sample for each plot and used for analysis of nutrients (N, P, K, Al, Ca, Mg) and pH at the Tea Research Institute, Talawakelle.
Each sample was thoroughly mixed, lumps were broken, visible parts like leaves, twigs, roots and gravel were removed, and soil spread on trays at room temperature. The drying process was accelerated using a fan. Well-dried samples were then ground by using a pestle and mortar and passed through a 2 mm sieve followed by a 100 mm sieve.
Available Ca, Mg, K and Al were extracted using SrCl 2 and then measured using an atomic absorption spectrometer. Available P was extracted using NH 4 F/ HCl solution and measured using an auto analyser. The Kjeldahl method was used for the determination of total N in soil samples.
Ten grams of soil were sifted through a 2 mm sieve, and collected into a flat bottom test tube. This soil was mixed with 25 ml of distilled water, stirred, and kept covered over -night (more than 14 h). The pH of the suspension was read using a pH meter (standardized using buffers of pH=4 and pH=7).
RESULTS

Trends in forest structure and canopy openings
Some obvious trends in forest structure were observed with increase in elevation from 175 to 1050 m amsl (Figure 1 ). Stand basal area of the forest overstory decreased from 35 to 12 m 2 /ha (F value =16.85, n=18), mean canopy height decreased from 23 to 13 m (F=14.47, n=18), CAI decreased from 12 to 3 (F=13.58, n=18) , and the size of canopy opening decreased from 260 to 40 m 2 (F=16.16, n=18).
As expected stand basal area and CAI increased with increasing canopy height (F=21.55, N=18; F=20.99, N=18 respectively) (Figure 1 ). The size of canopy opening as measured by gap area increased with canopy height (F=17.78; n=18).
Trends in ground-level shade with forest and canopy opening structure
Variation of understory PPF showed fairly weak correlation with vegetation structure. However understorey PPF decreased with increase in canopy height (F value=7.69, n=16) , with increase in basal area (F=5.39, n=16), and with increase in canopy area index (F=5.52, n=16) (Figure 2 ).
The size of canopy opening decreased with increase in elevation, while PPF increased (F=12.03, n=16). This means that PPF decreased with increase in gap area (F=5.42, n=16) and decreased with increase in canopy height (F=18.10, n=16).
Variation in soil nutrients with elevation and geology
There were no significant trends observed for measures of pH, and exchangeable Al and Mg, total N, and plant available P in the canopy opening in relation to elevation and/or geology. However, exchangeable K and Ca increased with increase in elevation (F value=18.76, n=18; F=25.38, n=18 respectively) . Values doubled from 28 to 60 µg/g for K; and exponentially increased from almost nothing to about 50 µg/g for Ca with increase in elevation and/or geology (Figure 3 ).
For adjacent forest understories total N, plant available P, and exchangeable Mg again showed no significant trends but pH, and exchangeable K and Ca all significantly increased with elevation and/or geology (F=13.98, n=18; F=12.45, n=18; F=18.20, n=18 respectively) and exchangeable Al decreased with elevation and/or geology (F=16.18, n=18) (Figure 3 ).
Variation in soil moisture across topographic position and microsite
Over the course of five years (from 1999 to 2003) at the mid-elevation range (valley, mid-slope, ridge) of western Sinharaja, valley sites had significantly greater levels (p<0.0001) of mean soil water content (30.46%) compared to values at the mid-slope (27.37%) and ridge sites (26.19%) (Figure 4) . Dry season periods (usually between December and April) provided the most dramatic percentage deviations in soil water content by topographic position (ridge>midslope>valley) as compared to the five-year mean for both microsites (understory, gap). This appeared to be more accentuated during an El Niño year (1998) (1999) in combination with the failure of the northeast monsoons to bring rain in October and November. However, at the onset of the southwest monsoons in May all sites became equally wet.
General trends show that soil water content increased about 40-60% on all microsites with the onset of the southwest monsoons but declined gradually with the weakening of the rains. On ridges, soil water content averaged 39% during the wet season and 16% during the dry season; while valley sites averaged 40% during the wet season and 24% in the dry season. No significant differences in soil water content could be found between canopy gap microsites and adjacent forest understories.
DISCUSSION
Trends in ground-level shade with forest and canopy opening structure
In this study the mean height of canopy trees, stand basal area and CAI all exhibited a downward trend with increase in elevation; as would be expected and reported by many studies that have measured forest structure across elevation gradients (Weaver & Murphy, 1990; Singh et al., 1994; Kitayama & Aiba, 2002) . While several researchers have examined for effects of topography on a gap regime (Worrall & Harrington, 1988; Hunter & Parker, 1993; Battles et al., 1995) ; the difference in this study is that the decline in canopy opening size (and therefore size of tree fall) occurs with increase in elevation; and this appears to be related to decrease in tree stature. This study is assumed to be the first to demonstrate the direct relationship between tree height and gap size with elevation. Results support findings that the stature of overstory trees effect canopy gap size (Pedersen & Howard, 2004) . The nature of the forest canopy is one of the chief determinants of the microhabitat within the forest (Jennings et al., 1999) . The results of this study show that PPF in forest openings and adjacent understories increase with elevation, even though gap size decreases, suggesting that forest canopy stature plays a more important role in influencing shade conditions at the ground level than the size of tree fall. Previous studies E qhave found the same across more limited gradients of valley to ridge in southern New England (Fladeland et al., 2003) ; but findings contradict some of the first studies done in the same forest where larger gap sizes at valley sites had higher PPF than ridge sites (Ashton, 1992) .
The findings of this study complement the work by Nicotra et al., (1999) who examined effects of forest developmental age and structure on understory light regime. They showed that though no difference in amounts of light in the understory could be detected between second growth and old-growth forests of Costa Rica, oldgrowth forests showed higher degrees of variability, due to greater variability in canopy height and stratification. In addition to decrease in forest stature the results of this study suggest that mid-slope and ridges had more lateral light penetration owing to the nature of the topography. This study showed a fairly weak relationship between the forest structure and PPF. There is a variety of factors, which may determine the variation of light availability across the topographic positions. Selected naturally opened canopy gaps were not equal in terms of gap size within a particular topographic position. Also it is not surprising since chosen gaps and understory sites were located in different aspects and different slope angles. In a forested hilly terrain, variation in slope angle, aspect and elevation control the light availability on the forest floor (Bale et al., 1998) . Total average daily PPF of gap and understory of the ridges on sunny days was 9.7 mol m -2 day and 1.8 mol m -2 day respectively, as compared to 6.1 mol m -2 day and 1.1 mol m -2 day for valleys.
It has also been shown in a number of studies that sun flecks play an important role in the light resources of temperate and tropical forest understories (Chazdon, 1986; Chazdon & Pearcy, 1991) . This study did not explicitly examine the sun fleck phenomena. However, a previous study in the same forest showed that the total daily PPF on sunny days under the forest canopy varied between sites from 0.26 to 0.92 mol m -2 day; of which sun flecks contributed to 24-62% (Ashton, 1992) . Studies of other forests have shown that sun flecks can represent 40-80% of PPF on clear sunny days in the forest understory, though the duration may be no more than ten minutes (Chazdon & Fetcher, 1984; Chazdon, 1986; Chazdon & Pearcy, 1986; Ashton & Larson, 1996) .
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Variation in soil nutrients with elevation and geology Exchangeable K and Ca in gap centers and adjacent forest understories increased with increase in elevation. This can largely be explained by a change in metamorphic geology from rocks that are silaceous at low elevation, gneissic at mid-elevation and rich in feldspars (K, Ca) at high elevation. pH increased and Al decreased with elevation but only for forest understory conditions. Other nutrients (plant exchangeable P, total N and exchangeable Mg), showed no detectable trends with elevation and geology. Trends in pH, and exchangeable Ca and K suggest that soils are less weathered, with higher levels of fertility with increase in elevation and relates well to underlying mineral content of the rock. This corresponds with the soil formations described for this regional elevation gradient by Mapa et al., (1999) who, using USDA (1975) soil classifications, describe erodeable and leachable oxisols at the lowest elevation, progressing to less weathered and more fertile ultisols with higher components of organic matter at higher elevations. This would also explain why in understory plots Al increased as a cation with decrease in elevation, with easier substitution for other more leachable cations and its adhesion to clay sesquioxides of oxisols.
Differences in soil nutrient status for exchangeable Ca and K between sites of the elevation gradient are similar to those observed between broad ridge and valley alluvium in lowland evergreen rain forest at Mulu, Sarawak (Proctor et al., 1983) .
Variation in soil moisture across topographic position and microsite
In tropical rain forests most of the length and mass of tree roots is concentrated in the upper 20 cm of the soil (Jetten, 1994) . We ensured that the soil moisture measured in this study was conducted within the same depth of soil ranges.
During the five-year study period of the mid-elevation part of the gradient, surface soil moisture was monitored in gaps and understory at three different topographic positions (valley to ridge). Valley sites had significantly greater levels of mean soil water content as compared to mid-slope and ridge sites during the dry season. This appeared more pronounced during an El NiNo year (1998) (1999) and resulting failure of the northeast monsoons to bring rain in October and November as compared to other years. This supports the work of Becker et al., (1988) who demonstrated similar soil moisture effects across slopes in a Panamanian tropical moist forest during the dry season.
Surface soil water contents were similar for gap and understory sites in all topographic positions despite large differences in vegetation structure and incident contradict Ashton (1992) who found that there was a higher amount of soil water content in the understory than gap. Supporting this study Poorter and YahashidaOliver (2000) found similar soil water content in both gap and understorey in a Bolivian moist forest.
Soil moisture can be higher in gaps due to (a) increased input of rain through a higher throughfall (Jetten, 1994) and water drip from gap bordering tree crowns (Geiger, 1965) and (b) slower depletion of soil water reserves through a reduced root density (Ostertag, 1998) and (C) a reduced Leaf Area Index (Jetten, 1994) . However, soil moisture content can be lower in gaps due to higher radiation loads, which lead to desiccation of the top soil through evaporation (Brouwer, 1996) and higher transpiration rates of gap plants (Meinzer et al., 1995) or bordering trees, which have their roots extended into the gap. Higher (Becker et al., 1988; Jetten, 1994; Veenendaal et al., 1996) , Ostertag 1998; similar (Vitousek and Denslow, 1986; Poorter & Yahashida-Oliver, 2000) , and lower (Ashton, 1992b) soil moisture values have been reported for gaps compared to understorey. Differences may be due to low numbers of replicates, small gap sizes, and high spatial variation in soil texture.
These findings offer new opportunities to investigate the role of environmental heterogeneity on variation of forest structure and species coexistence across mixed dipterocarp forest landscapes.
